We report synthesis of 17 O-labeling and solid-state 17 O NMR measurements of three N-acyl imidazoles of the type R-C( 17 O)-Im: R = p-methoxycinnamoyl (MCA-Im), R = 4-(dimethylamino)benzoyl (DAB-Im), and R = 2,4,6-trimethylbenzoyl (TMB-Im). Solid-state 17 O NMR experiments allowed us to determine for the first time the 17 O quadrupole coupling and chemical shift tensors in this class of organic compounds. We also determined the crystal structures of these compounds using single-crystal X-ray diffraction. The crystal structures show that, while the C(O)-N amide bond in DAB-Im exhibits a small twist, those in MCA-Im and TMB-Im are essentially planar. We found that, in these N-acyl imidazoles, the 17 Mots-clés : RMN 17 O, état solide, structure cristalline, onde plane de la théorie de la fonctionnelle de la densité, angle de torsion, acyl, imidazole.
Introduction
In recent years, considerable effort has been devoted to the development of solid-state 17 O NMR spectroscopy for direct detection of oxygen nuclei in organic and biological molecules. [1] [2] [3] [4] One of the advantages of solid-state 17 O NMR is that complete 17 O quadrupole coupling (QC) and chemical shift (CS) tensors can be simultaneously characterized for a particular oxygencontaining functional group. At ultrahigh magnetic fields, it is now possible to detect weak solid-state 17 O NMR signals from large protein-ligand complexes. 5 In addition, we have shown recently that solid-state 17 O NMR can also produce very useful information about molecular dynamics in organic solids. 6 During our preparation of a series of 17 O-labeled N-acyl imidazoles, R-C( 17 O)-Im, (Scheme 1), which are precursors for making acyl-enzyme intermediates, we found that some of the N-acyl imidazoles exhibit 17 O isotropic chemical shifts in the range of 380-450 ppm. These 17 O chemical shifts are clearly outside the normal range found for amides including aromatic amides (<350 ppm); 7 but they are quite similar to those observed for twisted amides (400ϳ500 ppm). 8 Is it possible that the C(O)-N amide bonds in these N-acyl imidazoles are also twisted? On the one hand, these N-acyl imidazoles can be readily hydrolyzed in aqueous solution, which seems to be consistent with the known properties of twisted amides. On the other hand, it is rather hard to imagine that these unconstrained molecules would prefer to form a twisted amide bond. This subject is of particular relevance to this special issue of the Canadian Journal of Chemistry, as Professor Stan Brown and his co-workers 9 have made important contributions to the synthesis, structural determination, spectroscopic characterization, and reactivity of twisted (or distorted) amides. In the meantime, we were surprised to discover that no crystal structure has ever been reported in the literature for the type of N-acyl imidazoles examined in our study. To fully understand the relationship between 17 O NMR tensor parameters and molecular structure, we decided to perform a combined solid-state 17 O NMR and X-ray crystallographic study of three representative N-acyl imidazoles (Scheme 1). To complement our experimental solid-state 17 O NMR data, we performed plane-wave DFT computations. We also carried out quantum chemical calculations to explore the dependence of 17 O NMR tensors on the torsion angles around the carbonyl function group in N-acyl imidazoles.
Experimental section

Synthesis
1-[(E)-p-methoxycinnamoyl-17 O 1 ]imidazole (MCA-Im)
17 O 4 -malonic acid (260 mg, 17% 17 O enrichment, prepared by heating malonic acid in 40% 17 O-enriched water) was mixed with p-anisaldehyde (374 mg) and piperidine (0.25 mL) in pyridine (10 mL). The mixture was heated at reflux (oil bath temperature 125°C) for 3.5 h. Solvent was then evaporated on a rotary evaporator to give an oily residue. The residual material was treated with ethanol (5 mL) followed by addition of ice-water, cold 2 mol/L HCl (5 mL), and ice-cold water (10 mL). The mixture was kept in an ice-water bath for 20 min; solid material was collected by filtration. After washing with ice-cold water (4 × 5 mL) and then with hexanes (3 × 10 mL), (E)-p-methoxycinnamic acid-17 O 2 was obtained as an off-white solid (395 mg, 89% yield; with an estimated 17 O-enrichment level of 17%). (E)-p-methoxycinnamic acid-17 O 2 (178 mg) and 1,1=-carbonyldiimidazole (243 mg) were dissolved in anhydrous THF (25 mL). The mixture was kept at room temperature for 18 h. After solvent evaporation, the residual material was taken up in benzene (40 mL) followed by addition of 0.8% NaHCO 3 aqueous solution. The organic layer was separated and washed with water twice (4 and 2 mL). The organic layer was saturated with Na 2 SO 4 solution (3 mL) and dried (Na 2 SO 4 ) and it was then filtered (cotton plug). The filtrate was concentrated (rotary evaporator) to dryness. The solid residue was treated with hexane (30 mL), collected by filtration, washed with hexanes (2 × 20 mL), and dried under vacuum, giving an off-white solid product, 353 mg. A second crop of product (110 mg) was recovered from the mother liquid. 1 17 O NMR signal integral with respect to that of acetone.
1-[4-(Dimethylamino)benzoyl-17 O 1 ]imidazole (DAB-Im)
4-(Dimethylamino)benzoic acid (330 mg, 2 mmol) was mixed with 37% 17 O-enriched water (1.56 g) in a flask followed by slow introduction of HCl(g) until the solid was completely dissolved. The mixture was heated in an oil bath at 90°C for 3 days. The 17 O-enriched water was then recovered by passing nitrogen flow through the mixture (to a cold trap) and residual material was transferred to a flask with THF (30 mL). The mixture was concentrated to dryness on a rotary evaporator, yielding a white solid. To the solid in the flask was added 1,1=-carbonyldiimidazole (680 mg) followed by addition of THF (25 mL) and imidazole (140 mg). The mixture was stirred at room temperature overnight. After the solvent was removed on a rotary evaporator, the residual material was dissolved in CHCl 3 (25 mL) and washed with 0.8% NaHCO 3 aqueous solution (2 × 2.5 mL) and water (2.5 mL). The organic layer was filtered (cotton plug) and concentrated to dryness. The white solid was dissolved in CHCl 3 (3 mL) followed by addition of hexanes (75 mL). The white crystalline solid was collected, washed with hexanes (2 × 10 mL), and dried, giving the title compound as an off-white solid (280 mg). 1 2,4,6-Trimethybenzoyl chloride (890 mg) and 40% 17 O-enriched water (218 mg) were mixed in anhydrous THF (10 mL) and CHCl 3 (2 mL) in a flask. The mixture was kept at room temperature overnight and then concentrated to dryness on a rotary evaporator, giving a solid residue (860 mg). The solid material (492 mg) and 1,1=-carbonyldiimidazole (729 mg) were mixed in a flask followed by addition of anhydrous THF (20 mL). The mixture was kept at room temperature for 6 h followed by addition of 1,1=-carbonyldiimidazole (1.0 g). The mixture was left at room temperature overnight and then heated at 50°C for 15 min. After solvent evaporation, the residue was treated with toluene (45 mL) and the insoluble material was removed by filtration. The organic solution was washed first with 0.8% NaHCO 3 aqueous solution (2 × 3 mL) and then with saturated Na 2 SO 4 aqueous solution (2 × 10 mL) and dried (Na 2 SO 4 ). The organic solution was concentrated to an oil residue. The residue was cooled at −20°C. When some solids started to appear, hexanes (5 mL) were added to the solution. The mixture was kept at −20°C for 30 min. The white crystalline solid was collected, washed with cold (−20°C) hexanes, and dried, giving the title compound as a white crystalline solid (400 mg). 1 H NMR in CDCl 3 (500 MHz): ␦ (ppm) 2.18 (s, 6H), 2.36 (s, 3H), 6.96 (s, 2H), 7.13 (br-s, 1H), 7.2-8.7 (br, 2H). 17 O NMR in acetone-d 6 at 50°C (67.7 MHz): ␦( 17 O) = 443 ppm. The 17 O-enrichment level in TMB-Im was estimated to be 12% based on the 17 O NMR signal integral with respect to that of acetone.
X-ray crystallography
Single crystals of suitable size were grown for the three N-acyl imidazoles by slow evaporation of their acetone solutions. X-ray ); structure refinement: SHELXTL; molecular graphics: SHELXTL; publication materials: SHELXTL. Neutral atom scattering factors were taken from Cromer and Waber. 10 All structures were solved by direct methods. Full-matrix least-squares refinements minimizing the function ͚w (F o 2 − F c 2 ) 2 were applied. All nonhydrogen atoms were refined anisotropically. All hydrogen atoms were placed in geometrically calculated positions with C-H = 0.95 Å (aromatic) and 0.98 Å (CH 3 ) and refined as riding atoms with U iso (H) = 1.5 × U eq C(CH 3 ) or 1.2 × U eq C(other C). Detailed information on atomic coordinates and equivalent isotropic displacement parameters, bond lengths and angles, anisotropic displacement parameters, hydrogen atom coordinates and isotropic displacement parameters, and torsion angles are given in the supporting information (see Supplementary material section).
Solid-state 17 O NMR
Solid-state 17 O NMR experiments were performed on Bruker Avance-500 (11.7 T) and Bruker Avance-II 900 (21.1 T) NMR spectrometers. A Hahn-echo sequence was used in both static and magic angle spinning (MAS) experiments to eliminate the acoustic ringing from the probe. Effective 90°pulses of 1.9 and 1.0 s were used for the 17 O central transition (CT) experiments at 11.7 and 21.1 T, respectively. The static 17 O NMR spectra at 11.7 T were recorded using a 4 mm Bruker H/X MAS probe without sample spinning. The 17 O MAS NMR spectra at 21.1 T were obtained with 
Quantum chemical calculations
Plane-wave pseudo-potential DFT calculations of the NMR shielding and electric field gradient parameters were performed using Materials Studio CASTEP software version 4.4 (Accelrys) 12,13 on an HP xw4400 workstation with a single Intel Dual-Core 2.67 GHz processor and 8 GB of DDR RAM. The Perdew, Burke, and Ernzerhof functionals were used in all calculations in the generalized gradient approximation for the exchange correlation energy. 14, 15 On-the-fly pseudo potentials were used as supplied with NMR CASTEP with a plane-wave basis set cutoff energy of 500 eV and Monkhorst-Pack k-space grid sizes of 3 × 2 × 2 (six k-points used), 3 × 3 × 2 (nine k-points used), and 2 × 3 × 2 (six k-points used) for MCA-Im, DAB-Im, and TMB-Im, respectively. The geometry optimization was performed using the BFGS method 16 without cell optimization and with the following convergence tolerance parameters: total energy 5 × 10 −5 eV/atom, maximum displacement 0.005 Å, maximum force 0.1 eV/Å, and maximum stress 0.2 GPa.
To convert the computed shielding constant for a particular sample ( sample ) to the corresponding chemical shift (␦ sample ), we used the following equation: For each compound, the two sets of spectra (21.1 and 11.7 T) were simulated using the same set of NMR parameters (see Table 3 ) Color in online version only.
To model the dependence of the 17 O QC and CS tensors on various torsion angles around the amide bond, quantum chemical calculations at the B3LYP/6-311++G(3df,3pd) level were also carried out using the Gaussian 03 suite of programs. 17 All calculations were performed on Sun Fire 25000 servers at the High Performance Computing Virtual Laboratory at Queen's University. Each of the servers is equipped with 72 × dual-core UltraSPARC-IV + 1.5 GHz processors with 576 GB of RAM.
Results and discussion
Crystal structures
In this section, we describe the new crystal structures determined for the three N-acyl imidazoles shown in Scheme 1. Figure 1 shows two perspective views of the molecular structures of MCA-Im, DAB-Im, and TMB-Im. Crystallographic data are listed in Table 1 and selected structural parameters are given in Table 2 . To aid the discussion that follows, the definitions of various torsion angles around the C(O)-N amide bond 18 are given in Scheme 2. Other detailed information about the three crystal structures is provided in the supporting information. As mentioned earlier, since we found the 17 O chemical shifts of MCA-Im, DAB-Im, and TMB-Im in solution to be 377, 410, and 443 ppm, respectively, we speculated that these N-acyl imidazoles might exhibit twisted amide bonds. To our surprise, the crystal structures show that, while the C(O)-N amide bond in DAB-Im is indeed slightly twisted ( = 28.2°), the C(O)-N bonds in MCA-Im and TMB-Im are essentially planar ( = 3.6 and 7.1°). In all three cases, the carbon and nitrogen pyramidalizations are quite small ( C and N < 10°). Therefore, the observed 17 O chemical shifts in these N-acyl imidazoles cannot be explained by the trend reported by Yamada 8 for twisted amides. Close examination of the three crystal structures shown in Fig. 1 reveals an interesting feature, that is, the torsion angle between the aromatic plane (or the sp 2 plane in the case of MCA-Im) and the C(O)-N amide plane shows a systematic change from MCA-Im to DAB-Im and to TMB-Im. For example, as seen from Fig. 1 , while the aromatic plane of the acyl group and the amide plane are nearly collinear in MCA-Im ( = 3.8°), they are significantly twisted in TMB-Im ( = 70.5°). As will be discussed in later sections, this torsion angle is responsible for the different 17 O NMR parameters observed among the three N-acyl imidazoles. Figure 2 shows the 17 O MAS NMR spectra of N-acyl imidazoles obtained at 21.1 T. In each spectrum, a strong central band exhibiting typical second-order quadrupolar line shape is flanked by weaker spinning sidebands. The observed ␦ iso values for the solid samples are in good agreement with those measured in solution for the same compounds (see Table 2 ). The 17 O QC constants (C Q ) for N-acyl imidazoles are between 9.1 and 10.2 MHz, consistently larger than those observed for normal amides including peptides, C Q < 9 MHz. [19] [20] [21] [22] [23] [24] [25] [26] We also note that the asymmetry parameter ( Q ) increases slightly from Q = 0.0 in MCA-Im to Q = 0.1 in DAB-Im and to Q = 0.2 in TMB-Im (vide infra). While the C Q ( 17 O) values have never been reported for highly twisted amides in the literature, we expect that they should be similar to those observed for N-acyl imidazoles, i.e., 9 < C Q < 11 MHz. To obtain information on the complete 17 O CS tensors, we acquired static 17 O NMR spectra of the three N-acyl imidazoles at two magnetic fields, 11.7 and 21.1 T (see Fig. 3 ). In general, the high-field spectra exhibit better quality than those obtained at the lower magnetic field. It is also interesting to note that the static spectra obtained at 11.7 T span approximately 1400 ppm, while at 21.1 T, they are only about 800 ppm wide. However, on the frequency scale, the spectra at 21.1 and 11.7 T are essentially of the same width, ϳ95 kHz. This apparent field independence (in Hz) of the total spectral width is caused by the interplay between the 17 O QC and CS tensors, as the spectral contributions from these two types of NMR tensors have opposite dependencies on the applied magnetic field. From a combined analysis of both MAS and static spectra, we were able to obtain a complete set of 17 O NMR tensors for the three N-acyl imidazoles and the results are summarized in Table 2 . For MCA-Im, while there are indeed two crystallographically distinct molecules in the asymmetric unit, we have analyzed its 17 O NMR spectra assuming a single oxygen site. We found that the span (⍀ = ␦ 11 − ␦ 33 ) of the 17 O CS tensor increases from 678 ± 10 ppm for MCA-Im to 767 ± 10 ppm for TMB-Im. All of these values are considerably larger than those found for aromatic amides. For example, we found previously that the spans of the 17 O CS tensor in benzamide, N-methylbenzamide, and benzanilide are 500, 560, and 630 ppm, respectively. 19, 20 It is also clear that the observed increase in ␦ iso on going from MCA-Im and DAB-Im to TMB-Im is due to the increases at both the ␦ 11 and ␦ 22 components. At the same time, the ␦ 33 component of the CS tensor exhibits considerably less changes. These trends are in agreement with all previous 17 O NMR observations for carbonyl compounds. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] 
NMR spectra analysis
Plane-wave DFT computations
Since we have determined the crystal structures for these N-acyl imidazoles, we decided to perform plane-wave DFT calculations using the CASTEP code. As the plane-wave DFT approach takes into consideration the entire crystal lattice, it is considered to be the most reliable way to compute solid-state NMR properties in crystalline materials. To test the sensitivity of the plane-wave DFT method on the actual crystal structure used in the computation, we examined for each compound three crystal structures: (i) the experimental crystal structures obtained from X-ray diffraction (denoted as the "X-ray" model), (ii) the experimental crystal structures with the positions of all hydrogen atoms being optimized by CASTEP (denoted as the "H-opt" model), and (iii) the experimental crystal structures with all atom positions being optimized within the experimentally determined unit cells (the "full-opt" model). It is known that the H-atom positions in X-ray crystal structures are not accurate so that all standard C-H bonds (ca. 0.95 Å) are typically too short. Indeed, after the H-atom optimization, the C-H bonds in all three N-acyl imidazoles were lengthened by 0.14-0.16 Å. In the full-opt models, all heavy atoms (carbon, nitrogen, and oxygen) changed their positions slightly on the order of 0.02-0.05 Å, in addition to the aforementioned lengthening of the C-H bonds.
Another useful measure of the crystal structure is to examine the average forces given as Cartesian components for individual atoms. In the X-ray models, significant forces are present on hydrogen atoms (≤10 eV/Å) and the average forces on heavy atoms are also sizable (carbon: ≤6 eV/Å; nitrogen: ≤2 eV/Å; oxygen: ≤1 eV/Å). In contrast, the average forces on all atoms in the final full-opt models are less than 0.02 eV/Å. All plane-wave DFT computed results are summarized in Table 3 . As seen from Fig. 4 , CASTEP results are generally in good agreement with the experimental results and the full-opt models appear to produce the best computational results. We should note that the slope of the trend line correlating the computed and experimental 17 O chemical shifts is usually greater than 1. This is because the current computational methods are known to generally overestimate the paramagnetic shielding contribution, thus producing higher chemical shifts. In our case, this overestimation is about 10%. This kind of accuracy in CASTEP 17 O NMR results is also consistent with our earlier observations in other organic compounds. 6, 31, 32 The torsion angle effect on 17 
O NMR tensors
In this section, we use a computational approach to further examine how the 17 O NMR tensors in N-acyl imidazoles depend on the torsion angles around the C(O)-N amide bond. We chose an isolated DAB-Im molecule as a model for this study and computed the 17 O NMR tensors for DAB-Im with different torsion angles, and (OC=NC 3 ). Figure 5 shows the dependence of the 17 O CS tensor components on the two torsion angles. It is immediately clear that the two torsion angles around the amide bond produce essentially the same effect on the 17 O NMR tensor components. It is quite remarkable that ␦ iso ( 17 O) can change more than 250 ppm over the entire range of torsion angles. Furthermore, as seen from Fig. 5b , the large change in ␦ iso ( 17 O) is primarily due to the variation in the ␦ 11 component (over 400 ppm). The same parallelism between the two torsion angles is also seen in the 17 O QC tensors, as shown in Fig. 6 . We found that C Q ( 17 O) increases with both torsion angles by ϳ10%. In the meantime, the asymmetry parameter Q also increases slightly. These are in agreement with what we have observed experimentally (see Table 3 ). We should note that similar torsion angle effects on 17 O isotropic chemical shifts for aryl carbonyl compounds have been reported previously by Sardella and Stothers, 33 by Fiat et al., 34 and by Boykin et al. 35 However, in the present study, we examined all principal 17 O CS tensor components rather than just the isotropic chemical shift alone. We should emphasize that the information about 17 O CS tensor components can only be obtained from solid-state NMR studies. In addition, we also generated a 2D map to illustrate the effects of bond twists around the carbonyl group on the 17 O CS tensor components. The observed symmetrical feature, as seen from Figs. 5 and 6, is not totally unexpected. Fundamentally, all of the torsion angle effects in carbonyl compounds have the same origin, which can be linked to the bond order of the C=O bond. It is known that the 17 O chemical shift normally decreases as the C=O bond order decreases such that ␦(aldehydes) > ␦(ketones) > ␦(acid halides) ≈ ␦(anhydrides) > ␦(amides) > ␦(carboxylic acids). In twisted amides, the rotation about the C(O)-N bond puts the electron lone pair on the nitrogen out of plane, which interrupts the carboxamide resonance and causes an increase in the C=O bond order. As a result, the 17 trogen of the imidazole is already part of the cyclic system, which reduces its ability to further stabilize the carboxamide resonance, resulting in a higher C=O bond order in N-acyl imidazoles than in regular amides. Compared with the situation seen in twisted amides, the reduced resonance stabilization in N-acyl imidazoles can be considered as an electronic effect. This electronic effect is well known in terms of the reactivity of N-acyl imidazoles, as these compounds are known to be very susceptible to nucleophilic attack. In this regard, N-acyl imidazoles are similar to the corresponding acid halides and anhydrides. Indeed the 17 O chemical shifts of N-acyl imidazoles are also similar to those for acid halides and anhydrides. Now we have obtained a complete picture of the 17 O NMR parameters in N-acyl imidazoles. There are two major factors in play. One is the electronic effect arising from the imidazole unit and the other is the torsion angle effect from the rotation of the aryl group with respect to the C=O bond. In general, we anticipate that any N-acyl imidazole with a highly twisted aryl group, such as TMB-Im, will have the highest 17 O chemical shift and also the highest reactivity among amides. The observed increases in C Q and Q with the torsion angles in N-acyl imidazoles are also consistent with the previously found parallelism between 17 O CS and QC tensor components in carbonyl compounds. 2, 30 In the language of a Townes-Dailey analysis, as the C=O bond order increases with the torsion angle, the orbital population in the bond of the C=O bond, P, decreases. Essentially, this leads to a more localized 2p atomic orbital at the oxygen atom, resulting in a larger C Q .
Conclusions
We have synthesized three 17 O-labeled N-acyl imidazoles (MCA-Im, DAB-Im, and TMB-Im) and performed solid-state 17 O NMR experiments to measure the 17 O QC and CS tensors. Until now, solid-state 17 O NMR has never been used to study this class of organic compounds. The 17 O NMR tensors for N-acyl imidazoles appear to be distinctly different from those previously observed for planar amides but somewhat reminiscent of those of twisted amides. To fully understand the observed 17 O NMR spectroscopic parameters, we have determined the crystal structures of these N-acyl imidazoles and found that the C(O)-N amide bonds are essentially planar in these compounds. To our knowledge, these three crystal structures are the only data available in the literature for N-acyl imidazoles. We discovered that the 17 
